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J. Aho generating utility trips off-line, or suddenly disconnects. When the electrical power imbalances are too large, generators may disconnect from the grid as their speed deviates out of the designed operating range.
Under-frequency events are generally more common and more problematic, as each generator that disconnects exacerbates the imbalance between load and generation, which can result in uncontrolled rolling blackouts. To avoid such blackouts, grid operators practice under-frequency load shedding (UFLS)
if the grid frequency drops below a specified threshold, lowering the electrical demand by disconnecting particular load regions allowing the generators to recover from the event [2] . Even a momentary loss of power is undesirable and can have a significant impact on some customers, which is why grid operators strive to take the necessary steps to ensure reliable service.
Grid operators generally do not control the electrical load on the grid, so they must maintain a balanced system by coordinating the generation in real-time. Power generation is typically procured and scheduled to match the load forecast through power markets that operate from five minutes to one day ahead of time. Operational reserves must be procured by the grid operators to participate in regulating the balance of generation and load, either from automatic or manual power commands [3] . Capable generators can also provide a stabilizing response to sudden disturbances on the grid [2] and are described in more detail later in this article.
The need to maintain sufficient operational reserves becomes an important integration cost with wind power. The grid operators in areas with low wind energy penetrations can view the variable wind power generation as an unmodeled disturbance, forcing their operating reserves to handle the power fluctuations. Increased wind energy penetrations have pushed the grid operators to utilize wind power forecasts to schedule generation in coordination with the wind, rather than procuring larger amounts of operating reserves to respond to the fluctuations in wind generation. Utilizing wind forecasts and five minute generation schedule updates have significantly decreased this integration cost of wind energy [1] .
Conventional Generator Ancillary Services
Conventional utilities can provide various active power ancillary services to control grid frequency over different time scales. These services can be divided into three categories which are inertial response, primary frequency response, and frequency regulation, which are all depicted in Fig. 1 .
This article provides a general overview of these ancillary services through simplified explanations, for a more thorough explanation, see [3] . The first frequency control regime is provided by the physical spinning inertia of all the synchronous conventional utilities, as their spinning inertia resist changes in speed, providing an inherent and instantaneous inertial response to changes in grid frequency. The inertial response of the grid is not a controlled response; it is a physical characteristic of the total rotational inertia attached to the generators that determines the initial rate of frequency change immediately after a generation or load disturbance.
The second frequency control regime consists of capable generating units providing controlled power responses to changes in grid frequency. This actuation is called a primary frequency response (PFR), which is designed to arrest large frequency fluctuations during the first 10 to 15 seconds after a frequency event, reducing the maximum grid frequency deviation from nominal and bringing the grid to a new steady state frequency after the event transient.
A PFR can be produced by synchronous generators with governors that control the turbine working fluid input valves as the generator speed varies. When enabled, a governor can provide a PFR by temporarily increasing/decreasing the fluid pressure through the turbine, resulting in a respective increase/decrease in the generator power output, so long as the generator is producing power and its nameplate capacity, or rated power, is not exceeded. After a grid frequency event a typical PFR from a steam turbine provides a power change of 5% of rated power in the first 5 seconds, whereas gas turbines typically change 5-8% [4] . After this initial 5-second rapid change in power output, steam plants typically ramp at 1-3% of rated power per minute, but gas plants can typically ramp significantly faster at 5-8% of rated power per minute [4] . The behavior of a governor is often characterized by a droop curve, which relates grid frequency to perturbations in power output. The primary components of a droop curve are the deadband, in which grid frequency fluctuations do not induce actuation, and the slope, or droop, which specifies the change in output power when the frequency fluctuates outside of the deadband. A droop slope is usually expressed as a percentage, indicating the percent change from nominal frequency that corresponds with a 100% change in rated power output of the utility. A common droop slope is 5%.
The third and final frequency control regime consists of regulating grid frequency by following the automatic and manual power commands generated by the grid operator. The automatic power commands are generated to correct the generation imbalance within each grid operator balancing area by sending a power control signal to each participating generator, a process known as automatic generation control (AGC). The manual power commands are produced by the grid operator to allow the automatic regulating reserves to return to their nominal state, to respond to anticipated changes in the forecasted load, or to change the power of particular generating units when it is economically or logistically preferable [3] .
Wind Energy Basics
As the wind industry matures, wind energy is becoming cost competitive with conventional generation sources. The wind industry is affected by many interrelated political, technical, environmental, and infrastructural aspects. For example, as the U.S. wind market grows, the regions with favorable political and environmental conditions, such as states with renewable portfolio standards and adequate wind and transmission resources, have developed many of the best wind resource sites in close proximity to electrical transmission lines. Installing new transmission infrastructure is generally cost prohibitive for individual wind farm projects, so the location of new wind farms is often constrained to areas with existing electrical infrastructure, which has lead to the decline in the overall quality of the wind resource in projects developed over the past decade [1] . To lower the cost of energy produced at these sites, wind turbine manufacturers and wind farm developers have been improving manufacturing and installing larger turbines to capture power at these lower resource sites more efficiently. 
Wind Turbine Overview
Utility 
Traditional Wind Turbine Control Systems
Traditionally wind turbine operation is divided into multiple regions of operation (see Fig. 4 ).
The turbine is considered to be in Region 1 when the winds are too low to generate power. When the wind turbine is generating power below its rated power, the goal of the control system is to maximize energy production and the turbine is considered to be in below-rated, or Region 2 operation. When the turbine is generating rated power, it is considered to be in above-rated, or Region 3 operation Wind turbine control systems use a feedback measurement of the generator shaft speed to control both the pitch angle of the blades and the load torque applied to the generator end of the high-speed shaft.
In Region 2 the goal is to maximize energy capture by operating the turbine at its maximum power coefficient * as shown in Fig. 3 . The control system tries to maintain * by keeping the blades pitched at * and tracking the tip speed ratio * . The control system tracks * by controlling the speed of the turbine via the generator load torque through use of a well-known feedback control law:
where is the gearbox ratio of the generator speed to rotor speed. In Region 3, many wind turbines use a proportional-integral (PI) control system to vary the collective pitch of the turbine blades to regulate the turbine to the rated speed. The PI control system may be gain-scheduled according to the current blade pitch angle to account for variations in aerodynamic sensitivity at different blade pitch positions.
Turbines with active pitch control systems are either designed to pitch to feather or pitch to stall, as shown in Fig. 3 . Pitching to feather is more common in large-scale turbines because it is quieter and induces lower structural loads, though pitching to stall can be a faster way to reduce the aerodynamic power capture. Some wind turbines have strain gauges embedded inside each blade which can provide feedback measurements used to individually pitch the blades and mitigate the once-per-revolution fatigue loads induced by wind variations over the rotor plane, most notably the vertical shear typical from higher wind speeds at increased heights.
Damage Equivalent Loads (DELs)
Time varying stress on the turbine components cause fatigue, which over time may lead to failures. Time-series data of the loads on various turbine components can be obtained from both sensor measurements and simulations. The damage equivalent load (DEL) computed from such a time series is the amplitude of a sinusoidal load, at a given constant frequency, that would cause the same fatigue damage as that time series itself [5] . The DEL is useful because it provides a single number for each time series, allowing comparisons of the amount of damage caused.
The calculation of a DEL assumes = − , where is the number of cycles to failure at load amplitude , and and are material properties [5] . This DEL calculation approximates the S-N curve, or Wöhler curve, as a straight line when plotted on a log-log scale, with slope determined by (see Fig. 7 /29/2013 J. Aho 5) . A value of = 3 to 3.5 is typically used for welded steel (tower), = 6.8 for ductile iron (hub), and = 10 for glass-reinforced plastic (blades). To calculate a DEL one must first extract the local maximum and minimum values and then create a vector of reversal amplitudes ( ) via the rainflow counting method [5] . The DEL is then calculated as:
7/29/2013 J. Aho where is the total time. As increases, the DEL depends more heavily on the largest amplitude reversals. The DEL calculation is only an estimate of fatigue damage and neglects several factors such as mean-load levels. The DEL is most useful for comparison of relative fatigue damage on the same turbine component under different conditions.
Wind Energy Active Power Control for Ancillary Services
Historically, wind power has not provided APC ancillary services, because there have been no requirements from grid operators or market incentives to do so. Most large-scale modern wind turbines are de-coupled from the utility grid via their power electronics, so they do not inherently provide an inertial response to fluctuations in grid frequency. However, increasing wind energy penetration on some grids has brought about new requirements for wind turbines to provide active power control services [1] .
These new requirements and the necessity to maintain grid reliability have lead industry and academia to actively research methods to provide APC ancillary services with wind turbines. Research on wind APC has focused on control systems that can meet or exceed new requirements, balancing the speed of tracking power commands, increased actuator usage, and induced structural loads without exceeding the safe operating limits of the turbine.
Providing a full range of active power ancillary services from a wind turbine or wind farm requires a measurement of the grid frequency for providing frequency responses and communication between the grid operator and the wind farm for frequency regulation and active de-rating services. A wind farm control system can be used to determine individual turbine power commands, which can be tracked by the individual turbine control system (see Fig. 6 ).
7/29/2013 J. Aho A wind turbine can be de-rated by 1) rotor speed control, i.e., actuating the generator torque to control the turbine TSR 2) pitching the blades to shed extra aerodynamic power, or
3) using a combination of the above two methods.
One common de-rating method in the literature is to utilize rotor speed control to spin the turbine faster than the optimal tip speed ratio, yielding > * which results in a lower power coefficient of the turbine rotor, or < * as seen in Fig. 3 . A specified fraction of the available power in the wind can be captured by changing the traditional Region 2 feedback control gain * in Eq. 1 to a lower value. The steady-state power available from the wind, captured using a traditional controller, and captured using rotor speed control de-rating can be seen in Fig. 7 .
Using rotor speed control to de-rate a turbine will spin the turbine faster than normal, storing additional kinetic energy in the turbine rotor that can be extracted when the power commands increase.
The amount of kinetic energy stored in a rotating wind turbine is discussed in "Energy Stored in a Wind
Turbine." This method of increasing the rotor speed can only be used during below-rated wind speeds, as the turbine should not operate higher than the rated speed for which it was designed. Once the turbine reaches rated speed, the blade pitch controller can be used to shed the additional aerodynamic power and regulate the turbine at the rated speed.
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Industry research in wind energy APC is mostly proprietary, but general trends in industry research can be seen in the patent literature and other industry publications. For example, information can be found in the public domain regarding the range of APC capabilities now available with General The rated speed, total rotational inertia, and energy stored in a 550 kW, 1.5 MW, and 5MW turbine rotor spinning at rated speed is presented in the table below. The energy storage is presented in kWh and also the number of hours you could power a 60 watt light bulb with the energy stored in the rotor. Academic research into wind turbine active power control has covered a variety of topics. Many studies have focused on the control of the generator torque through the power electronics [9] . Several recent studies have analyzed the tradeoff between aggressive primary frequency response and turbine structural loads during a frequency event, performing both grid-level and high-fidelity individual turbine simulations. One of these studies study presents a control system that is capable of all three of the aforementioned wind turbine de-rating modes and providing a PFR [10] . This control system is currently being field tested on the CART3 research turbine, seen in Fig. 2 , which is located at the NREL National Wind Technology Center. Figure 8 depicts a time-series plot of data collected from the field. Providing a primary frequency response with de-rated wind turbines has been shown to be capable of responding faster than conventional generators, reducing the maximum frequency deviation when compared to a coal plant directly replacing the wind generation [10] . Providing a primary frequency response using a common droop curve slope, the same as the grid connected conventional generators, improves the grid frequency transient while only slightly increasing a subset of the DELs induced on the turbine components. When the wind turbine control system used a more aggressive (steeper) droop curve with a 2.5% slope, the loss-of-generation frequency transient was improved further but significantly increased the induced DELs [10] . The tradeoff between the frequency response and the DELs does require further investigation, since the DELs are used to calculate fatigue damage and grid frequency events may only happen several times a week.
De-rating the turbines can reduce the DELs because of the reduced power capture, but attempting to maintain an absolute or delta reserve with high bandwidth can lead to increased actuation and higher DELs due to rapid fluctuations in the wind speed measurement or estimates. The DELs induced by participating in AGC will also depend on the bandwidth of AGC command tracking.
Wind Farm APC
Wind turbine APC control systems can influence the structural loads and power generation propagation, allowing for multiple FAST models to be coupled together [12] . Such a simulation tool can be used to evaluate the turbine interactions that arise as a consequence of performing coordinated APC across an entire wind farm.
Lack of high fidelity wind farm simulation software has not stopped plant-wide active power control systems from being investigated and implemented. Horns Rev and Nysted, both Danish offshore wind farms, are outfitted with plant-wide APC systems [13] . A plant-wide supervisory controller at these wind farms can issue power commands to individual turbines based on current power system load and measurements of the power available at each individual turbine across the wind farm. The individual turbines are also equipped with their own active power controllers, allowing for plant-wide de-rating, in either absolute or percentage delta operation. Such control systems represent the state-of-the-art of the industry pertaining to wind farm APC.
Conclusions
Higher wind energy penetrations are being reached with decreasing cost of integration because of technology improvements and their adoption. Grid operators can now accommodate fluctuating wind power thanks to improved forecasting, the implementation of more frequent updates in power generation markets, and the ability to rapidly curtail wind when necessary. Several European grid operators in countries like Spain, Denmark, and Ireland as well as the ERCOT system in Texas now require new wind farms to have certain APC capabilities to enable wind farms to provide reliable service to the utility grid.
As the penetration of wind energy continues to grow, the participation of wind turbines and wind farms in grid frequency stability is becoming more important. Wind turbine manufacturers and academic researchers have developed control systems with the capabilities to meet recent requirements set by grid operators, but research to determine the full capabilities of wind turbine APC is ongoing. Areas of interest for future research include continued development of wind turbine APC controllers that can provide rapid power response while reducing the structural loading on turbine components and optimizing the provision of active power ancillary services from wind farms. Research must consider the balance of aggressive power control against increased actuator usage and structural loads, as well as the potential coupling of APC and conventional turbine control loops while allowing the supervisory control system to maintain safe operation. Such research will help determine the full benefit of widespread adoption of advanced APC services provided by wind turbines.
The future of wind energy development and deployment depends on many factors, such as policy decisions, economic markets, and technology improvements. Improvements through research and development in areas such as forecasting, turbine manufacturing processes, blade aerodynamics, power electronics, and active power control systems will continue to be a key driver for wind energy technology.
The U.S. Department of Energy (DOE) claimed there are "no insurmountable barriers" to reaching the goal of 20% wind penetration by the year 2030 [1] . Reaching such goals for high wind energy penetrations will provide interesting and exciting research opportunities to determine new market mechanisms, operational methods, and technology capabilities to increase the adoption of this variable resource for a more reliable, efficient, and sustainable future.
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